Abstract: Blue phase liquid crystal films are quite useful in reflective displays, flexible photonic devices, and optical sensors. However, the effects of refractive index properties of refilled liquid crystals and environment temperature on reflection properties of blue phase liquid crystal films are far from fully exploration. Herein, we demonstrate blue phase liquid crystal films refilled with different nematic liquid crystals. The effects of birefringence and average refractive index of refilled nematic liquid crystals on the reflection properties such as reflectance, central wavelength, and linewidth of photonic band have been studies. The temperature effect on reflectance and central wavelength has been studied. A narrow linewidth (19.4 nm) and temperature insensitivity blue phase liquid crystal film has been fabricated by refilling liquid crystals of DYX8013 with small birefringence. The narrow linewidth and excellent temperature insensitivity properties of BPLC film can be applied in color reflective display and flexible photonic devices.
Introduction
Blue phase liquid crystals (BPLCs) represent a highly twisted chiral liquid crystal states with threedimensional (3D) photonic crystal nanostructures [1] . Three well-known blue phases, BPIII, BPII and BPI, sequentially appear on the process of cooling from the isotropic phase, where BPI and BPII possess body-centered cubic and simple cubic crystalline structure while BPIII shows amorphous phase [2] , [3] . Due to its intrinsic features of fast response time, isotropy, and no need for polarizer, BPLCs have been intensively explored in many fields including laser [4] , [5] , phase gratings [6] , [7] , full-color reflective displays [8] , [9] , bent-shaped molecules [10] , functional nanocage [11] and soft template for 3D colloidal crystals [12] , [13] .
The BPLC template, which was firstly proposed by Castles et al., was a free-standing porous material fabricated by liquid crystals and reactive mesogens through photo-polymerization process in BP. It was used to form stretchable and flexible BPLC film with 3D nanostructure for photonic applications by refilling liquid crystal [14] , [15] . H. C. Jau et al. studied the electro-optical properties of templated blue phase liquid crystals [16] . Based on the BPLC template, Guo et al. reported photoand thermal switching of blue phase films reflecting both right-and left-circularly polarized light [17] . M. Ravnik et al. numerically simulated the transfer of the orientational order of the blue phase to the surface of the polymer matrix and the resulting surface anchoring [18] . In our previously study, we demonstrated electrically switchable, hyper-reflective blue phase liquid crystals films based on double-layer BPLC film that consisted of left-and right-handedness cholesteric film refilled with nematic liquid crystals [19] . However, the effects of refractive index properties of refilled liquid crystals and environment temperature on reflection properties of blue phase liquid crystal films are quite important but have never been investigated systematically.
Here, we demonstrate blue phase liquid crystal films refilled with different nematic liquid crystals. The effects of birefringence and average refractive index of refilled nematic liquid crystals on the reflection properties such as reflectance, central wavelength and linewidth of photonic band have been investigated. The temperature effect on reflectance and central wavelength has been studied. A narrow linewidth and temperature insensitivity blue phase liquid crystal film has been fabricated by refilling liquid crystals with small birefringence. The narrowed linewidth and temperature insensitivity properties of BPLC film can be applied in color reflective display, reflective color filter and flexible photonic devices, which leads to better color gamut and stability than conventional LC devices [8] , [20] , [21] .
Experiments
In our experiment, 81.05 wt.% achiral nematic liquid crystal HTG135200, 2.95 wt.% chiral dopant R5011 with helical twisting power (HTP) of 126/μm, 12 wt.% monomer 1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzen (RM257), 3 wt.% monomer trimethylolpropane triacrylate (TMPTA), and 1 wt.% photoinitiator IRG184 (all from HCCH) were used to fabricate blue phase liquid crystal (BPLC) templates. The BPLC film was fabricated in a LC cell that was assembled by two indium-tin-oxide (ITO) coated glass substrates with anti-parallel rubbing. The thickness of LC cell was 10 μm.
To fabricate the BPLC template, the mixture was heated up to 75°C, cooled down slowly to 65.5°C, and stabled in BPI. An ultra violet (UV) light (365 nm, 20 mW) was used to polymerize the BPLC for 15 mins (Step I. Polymerization). Fig. 1 (a) and 1(b) are Kossel diagram and reflection spectrum of polymer-stabilized blue phase template before washing and refilling, respectively. Fig. 1(c) shows the schematic of BPI liquid crystal with body-centered cubic phase, where the brown line represents the disclination line and green molecules represent the double twisted cylinder. Then, the BPLC was soaked in toluene for 12 hours to wash liquid crystal and unpolymerized monomers out ( Step II. Washing out), leaving polymer network as the BPLC template, as shown in Fig. 1 
(d).
At last, the BPLC template was refilled with achiral LC (Step III. Refilling achiral LC), where the achiral liquid crystal molecules would be arranged in double twisted cylinder structure due to the alignment effect of polymer network, leading to reform of BPI s shown in Fig. 1 (e). Therefore, a BPLC film was fabricated through "washing out" and "refill" processes. The templated BPLC film can help restore the structure of blue phase, even for LCs or liquid without chirality that can't form double twisted cylinder by itself.
To study the refractive index of refiller LC on the characteristics of fabricated BPLC film, three nematic liquid crystals including LCs-160324 (from Xi'an Modern Chemistry Research Institute), HTG135200 and DYX8013 (from Shijiazhuang Sdyano Fine Chemical) were investigated as the refiller of BPLC films. Table 1 shows the refractive index of three nematic LCs at different temperature from 20°C to 50°C, measured by Abbe refractometer at wavelength of 589 nm. At 20°C, for LCs-160324, HTG135200, and DYX8013, the average index is 1.6767, 1.5807, and 1.5078 (the data from the manufactory are 1.6267, 1.5810, and 1.5067, which are more accurate and are used in simulation process. The difference between the data are measuring error especially for LCs-160324 whose refractive index is too large for refractometer), and the birefringence n is 0.3841, 0.1993, and 0.0789 (the data from manufactory are 0.38, 0.204. and 0.08, respectively), respectively. LCs-160324 has the largest average index and birefringence, while DYX8013 has the smallest average index and birefringence. In addition, from Table 1 , it can be seen that the ordinary index n o , extraordinary index n e , average index n ave and birefringence n of three LCs mainly decrease with the increase of temperature.
Results and Discussion
In blue phase liquid crystal, the local refractive index variation leads to selective Bragg reflection in the spectral range that depends on chiral dopant concentration. The reflection wavelength can be expressed asλ = 2na/ √ h 2 + k 2 + l 2 , where n is the average refractive index and a is lattice constant of blue phase, h, k and l are the Miller indices [22] . Fig. 2(a) depicts the reflection spectra of BPLC template refilled with different liquid crystal materials of LCs-160324, HTG135200, and DYX8013. The central wavelength in reflection band, which is obtained directly from reflection spectrum, is 654.8 nm, 653.2 nm, and 613.5 nm for LCs-160324, HTG135200, and DYX8013, respectively. The relationship of central wavelength in reflection band and average refractive index n ave is plotted in Fig. 2(b) , where the central wavelength linearly increases with the average refractive index of refilled LC materials. The corresponding simulated curve is fitted according to λ = (λ or igi nal · n ave )/n or igi nal , where λ or igi nal and n or igi nal is the wavelength and average refractive index of the liquid crystal of forming the BPLC film in the experiment, respectively. The average refractive index of LC is determined by n ave = (2n o + n e )/3. Fig. 2(c) demonstrates the relationship of linewidth λ of BPLC template refilled by different LC materials and birefringence n of refilled LCs. The measured λ of LCs-160324, HTG135200, and DYX8013 is 41.6 nm, 29.1 nm, and 19.4 nm, respectively. It can be seen that the LCs-160324 with largest birefringence of 0.38 and DXY8013 with smallest birefringence of 0.08 lead to the broadest and narrowest linewidth, respectively. In addition, the reflectance reduces with the increase of temperature, which should be due to the increased scattering caused by mismatching of polymer template and LCs. It can be seen that the linewidth varied linearly with birefringence and the relationship is consistent with λ = λ 0 + nB, where λ 0 is the linewidth corresponding to n = 0. λ 0 and B are obtained from fitting curve by least-squared-method, where λ 0 is calculated to be 13.7 nm and B is 73.8 nm. In our experiment, the measured λ 0 is 14.5 nm, 14.5 nm, and 15.0 nm for LCs-160324, HTG135200, and DYX8013 at temperature over their clearing point at 110°C, 100°C, and 105°C, respectively. The simulated and measured λ 0 is quite close, with inevitable measurement errors. Therefore, a narrowest linewidth of 19.4 nm has been achieved for DYX8013 refilled BPLC film.
Temperature is an important factor that significantly influences the performance of LC based photonic device. Fig. 3(a)-3(c) show the temperature effect (from −30°C to 90°C) on reflection spectrum of BPLC templates refilled with LCs-160324 (with large birefringence of 0.3841), HTG135200 (with moderate birefringence of 0.1993), and DYX8013 (small birefringence of 0.0789), respectively. The clear temperature of LCs-160324, HTG135200, and DYX8013 is 97°C, 102°C, and 105°C
, respectively. Fig. 3 (d)-3(f) demonstrate the variation of reflectance and central wavelength of reflection spectrum when temperature varies from −30°C to 90°C. The reflection around 550 nm in Fig. 3(c) might came from the reflection of ITO, which is noticeable here due to the close position to the reflection band of blue phase.
It can be seen that, when the temperature increases, the reflectance reduces and the central wavelength blue-shifts, which is due to the decrease of average index of liquid crystal with the increase of temperature. Specifically, when temperature increases from −30°C to 90°C, the reflectance of LCs-160324, HTG135200, and DYX8013 refilled BPLC reduces 8% (from 45% to 37%), 25% (from 48% to 23%), and 7% (from 30% to 23%) respectively. The linewidth reduces 2.1 nm (from 42.6 nm to 40.5 nm), 3.6 nm (from 29.8 nm to 26.2 nm), and 0.6 nm (from 19.4 nm to 18.8 nm), respectively. The linewidth narrows due to the reduced birefringence when temperature increases. The central wavelength of LCs-160324, HTG135200, and DYX8013 refilled BPLC blue-shifts 6.7 nm (from 657 nm to 650.3 nm), 17.2 nm (from 656.7 nm to 639.5 nm), and 2.9 nm (from 614.4 nm to 611.5 nm), respectively. The biggest change of reflectance and central wavelength occur for LCs-160324 and HTG135200 refilled BPLC samples, respectively. The DYX8013 refilled BPLC shows the best stability among three LC materials, where the in-sensitivity of reflectance changing, linewidth narrowing, and central wavelength shifting on temperature are as low as 0.058%/°C, 0.005 nm/°C, 0.024 nm/°C, respectively, indicating an excellent temperature non-sensitive property. It is noticed that the average index of HTG135200 is insensitive to the temperature which leads to small change of reflection spectrum [23] . Fig. 4 shows the POM images and photos of the BPLC template refilled with DYX8013 with green reflective color from −20°C to 105°C. When temperature increases from −20°C to 100°C [as shown in Fig. 4(a)-4(c) ], the reflectance of film decreases a little and the central wavelength of reflection band blue-shifts slightly. When the temperature reaches the clearing point of 105°C, the reflectance of film decreases sharply, with significantly change of color from green to dark green [as shown in Fig. 4(d) ]. The scale bar is 100 μm. As the BPLC film refilled with DYX8013 exhibits the narrowest linewidth, highest stability of linewidth, central wavelength and reflectance in changing temperature, it is useful in reflective colorful displays, and other photonic flexible devices. Therefore, we fabricated three BPLC films refilled with DYX8013 corresponding to red, green and blue reflective colors. These three films are fabricated in the same way as mentioned above, expect for different chiral dopant concentration used to achieve different colors of red [see Fig. 3(c) ], green, and blue. For green color, the mixture consists of 80.65 wt.% HTG135200, 3.35 wt.% chiral dopant R5011, 15 wt.% monomers (including 12 wt.% RM257 and 3 wt.% TMPTA), and 1 wt. % of photoinitiator IRG184. For blue color, the mixture consists of 80.25 wt.% HTG135200, 3.75 wt.% chiral dopant R5011, 15 wt.% monomers (12 wt.% RM257 and 3 wt.% TMPTA), and 1 wt. % of photoinitiator IRG184. Fig. 5(a)-Fig. 5(c) show the reflection spectrum of red, green, and blue film at temperature range from −30°C to 90°C, respectively. We can see that, with the increase of temperature, the BPLC film refilled with DYX8013 shows very small shift of both central wavelength and reflectance, which are quite critical for reflective colorful displays. At 30°C, the central wavelength is at 613.5 nm, 532.7 nm and 437.5 nm, corresponding to linewidth of 19.1 nm, 17.3 nm, and 16.1 nm, respectively. The photo image of red, green, and blue film observed at polarized optical microscope (POM) at 20°C is demonstrated in Fig. 5(d)-5(f) , respectively.
Conclusion
In summary, blue phase liquid crystal films refilled with different nematic liquid crystals have been demonstrated. The effects of birefringence and average refractive index of refilled nematic liquid crystals on the reflection properties such as reflectance, central wavelength and linewidth of photonic band have been studies. For the same BPLC template, the refilled LC with smaller average refractive index and smaller birefringence will lead to smaller central wavelength and narrower linewidth of reflection band. A narrow linewidth (19.4 nm) and temperature insensitivity (0.058%/°C, 0.005 nm/°C, and 0.024 nm/°C for reflectance changing, linewidth narrowing, and central wavelength shifting, respectively) blue phase liquid crystal film has been fabricated by refilling liquid crystals of DYX8013 with small birefringence around 0.08. The narrow linewidth and temperature insensitivity properties of BPLC film can be applied in color reflective display and flexible photonic devices.
